The total pools and chemical species of Fe in soils from seven groundwater/surface water ecotones were analysed. The associated soil waters from four of the sites were analysed for Fe and S0 4 . The selected sites were mainly the upper reaches of streams in coniferous forests, having a size of 3-4 m 2
INTRODUCTION
Fe occurs in two redox states: the soluble reduced Fe(II) and oxidized Fe(III) insoluble at pH > 4. It is an essential bioelement for all organisms, although in high concentrations it may be toxic for some species such as fen plants (Snowden & Wheeler, 1993) ; also, Fe-precipitations on mayflies decreased feeding activity and mobility (Gerhardt, 1992) . Moreover, Jacks et al. (1986) reported a decrease in the benthic fauna in a mountain stream with Fe-hydroxide precipitates. Those authors suggested that acid meltwater was mixed with Fe(II) rich groundwater in the discharge zone at snowmelt periods. Until recently, Fe(III) precipitated in the discharge area, but nowadays snowmelt water has become more acidic as a result of acid deposition, causing further transport of Fe(II) into the streams where it precipitates.
Several studies have reported on the retention of N0 3 by denitrification and plant uptake in the discharge zone (Lowrance et al., 1984; Lowrance, 1992 , Haycock & Pinay, 1993 by comparing concentrations in groundwater and surface water. Lowrance et al. (1983) also found a retention of base cations by plant uptake by comparing input and output. However, the accumulation of metals in soils in the discharge zone also indicates retention, a concept which has been used for Al (Mulder et al., 1991; Norrstrôm, 1993) .
The chemical processes in discharge zones, particularly soil related processes, are still relatively unknown. It is the last soil horizon of contact before the groundwater discharge into streams. Characteristics of the soils in the discharge zone such as organic matter accumulation and water saturation may be important for transformations of groundwater chemistry. Studies on Fe in wetlands have mostly been restricted to ones influenced by acid coal mine drainage (AMD). Wieder & Lang (1986) , Wieder (1988) , Henrot & Wieder (1990) and Tarutis et al. (1992) all tried to identify characteristics and properties optimal for a maximal retention of Fe. Studies in non-polluted wetlands have measured total and exchangeable Fe only from the botanical point of view (Maimer, 1962; Sonesson, 1970; Danman, 1978) . So far there are few reports on other fractions of Fe occurring in the soils of groundwater discharge areas affected by nonpolluted groundwater. Due to the potential toxicity of Fe there is a need for more information on its biogeochemistry in wetlands.
The objective of the present paper is to estimate the pools of Fe and chemical species in soils at the groundwater/surface water interface by using different extraction solutions.
MATERIAL AND METHODS

Site description
Seven sites situated in two different catchments were selected for the study. The sites were 3-4 m 2 in area and six of them were in the upper reaches of streams in coniferous forest. One area (H4) was situated in an alder fen. Some characteristics of the soils in the seven areas are presented in Table 1 . They were all classified as mollic gleysols according to FAO (1989) . Four of the areas (H1-H4) were situated in the Hâlebàck catchment in the southwest of Sweden (56°07'N, 13°02'E). The catchment is 0.47 km 2 in area and contains a mixed forest with stands of beech, alder/birch, spruce and spruce clearcut (Wiklander et al., 1991) . The texture of the soil <2 mm was a sandy loam. The soil was classified as a haplic podzol (FAO, 1989) .
Sites HI and H2 were situated in a spruce forest consisting of 50-80 year old Picea abies. H3 was located in a subcatchment representing one third of the whole catchment which differed from the rest of the catchment by containing a larger clearcut area. The clearcut area was planted with spruce seedlings in 1982-1983 and the spruce was thus six to seven years old when this study started. The last area (H4) in Hâlebàck was located in the alder forest area along the main stream channel.
The other three areas (G1-G3) were located in the Risfallet catchment area in central Sweden (60°21'N, 16°14'E). The catchment is 0.45 km 2 in area and the forest is dominated by Pinus silvestris, 17 years old when the study started in 1989 (Lundin, 1994) . The texture of the mineral soil <2 mm was a sandy loam (Olsson & Lundin, 1990) . According to FAO (1989) the soil was classified as a haplic podzol.
Sampling and analytical methods
The soils were sampled with a coring cylinder from which the soil volume could be estimated. The sampling was done in August 1989 (G1-G3, H2, H4) and March 1990 (HI, H3) from the upper 0.2 m in five pits from each area. The soil columns were divided into 5 cm or 10 cm sections, and the sections from the same level were bulked together into a composite sample. All analyses were made on field moist soil.
Fe fractions were determined by separate extractions with 1 M KC1 (Fe m ) for 2 h, 0.1 M Na 4 P 2 0 7 (Fe P ) for 18 h and 0.2 M (NH 4 ) 2 C 2 0 4 (Fe 0 ) for 4 hours (USDA, 1972) . The fractions associated with the different extract reagents were preferentially exchangeable, organically-bound and amorphous oxides. Several studies indicated that ammonium oxalate extracts both amorphous Fe-hydroxides and Fe bound in organic complexes, and that pyrophosphate selectively extracted organically-bound Fe (McKeage et al., 1971; Farmer et al., 1983; Karltun & Gustafsson, 1993) . However, these studies were made on mineral soils.
The total amount of cations was determined by dry ashing. The soil was combusted for 6 h at 600°C. The ash was treated with 4 M HC1 on a sandbath.
The groundwater was sampled four times with suction lysimeters (Prenart) during the years [1988] [1989] [1990] . The lysimeters were set up between upland-discharge zone interfaces and the sampling depth varied from 0.25 to 0.60 m. Samples of groundwaters and surface waters were collected from Hâlebâck in March and August 1989 , and in March and May 1990 . In Risfallet, water was sampled in October 1988 , August 1989 and in March and May 1990 . On some occasions it was not possible to obtain enough water from the lysimeters to analyse all the parameters of interest. The soil water was sampled by suction lysimeters as well as by centrifugation of the peat.
Analyses of Fe and dissolved organic carbon (DOC) in water were made on samples filtered through 0.45 pm pore size filters. DOC analyses were performed by using an Astro 2001-carbon analyser, while S0 4 and CI were analysed on an Ion Chromatograph. Measurements of HC0 3 were made by titration to the end point 5.4, according to Swedish standards (SS 02 81 39). Fe in water and soil extract were analysed by an ICP-AES instrument.
Evapotranspiration concentrates dissolved salts in groundwater. As the CI ion is conservative, i.e. is not taken up by plants or does not participate in chemical reactions in humid climates, it will vary inversely with the water content of the soil (Eriksson, 1985) . Accordingly, the ratios between chemical species and CI could be used to compare concentrations at different sampling times and soil depths. In the present study the ratios S0 4 /C1 and Fe/Cl were compared in the soil waters from different depths and at different sampling times.
RESULTS
Concentration and distribution of total iron in the soil
The soils had total Fe concentrations ranging from 24 to 625 jxmol g l dry mass ( Table 2 ). The highest concentrations were higher than usually reported from natural peatlands while the lowest ones were comparable with ombrotrophic peatlands (Sonesson, 1970; Wieder, 1985; Wieder & Lang, 1986; Walton-Day et al., 1990) . Sonesson (1970) reported Fe concentration in the range 12-198 junol g" 1 in different peatlands in Sweden. Wieder & Lang, (1986) found 45-300 /miol Fe g" 1 in natural peatlands in the USA. The variations in total Fe concentration were probably a reflection of the chemistry of the groundwater discharging through the soils. Sites with high concentrations of Fe may have been mostly fed by deep, reduced groundwater, while those with low Fe concentrations received more shallow groundwater. This was also indicated by the base saturations for the sites: those with high Fe concentration had also high base saturation while the ones with low Fe concentration had lower base saturations (Table 1) . However, HI had high base saturation but low Fe concentration which indicated that the site generally received deep base-rich groundwater in oxidized conditions. 
Different species of iron in the soils
In about half of the samples Fe 0 was the dominant fraction. The other half had equal concentrations of Fe 0 and Fe p , while only two samples had Fe p as the dominant fraction. However, subtraction of Fe p from Fe 0 with the rest representing the oxide bound Fe resulted in organically-bound Fe being the dominant fraction in most samples. The only samples which had comparable concentrations of amorphous Fe oxides were at the deepest levels in G3. G3 had organic matter concentration comparable with Gl, which had organically bound Fe as the dominant fraction. The organic matter in Gl may have had properties that promoted binding of metals, properties lacking in G3. A high positive correlation between Fe P and organic matter (Spearman rank coefficient 0.700, p< 0.01, « = 21) indicated the importance of organic matter for retention but also that other factors were important. Such factors could have been properties of the organic matter, supply of Fe to the area and residence time of the water. The selectivity of the extraction solution is also important for the correlation.
Exchangeable Fe, i.e. KCl-extractable Fe, was of minor importance, which is in agreement with other studies (Wieder, 1988; Henrot & Wieder, 1990; Tarutis et al., 1992) . However, it was shown in an earlier study (Norrstrôm, unpublished results) that the concentration in H3 varied greatly between separate soil samples. Regions in the soil with high concentrations of exchangeable Fe besides low median redox potential also had small spatial variation of the potential. In most regions, both in H3 and in the other areas, there was a large spatial variation of the potential within areas of 100 mm in diameter.
S0 4 chemistry in soil water
Site H2 had three times lower S0 4 -S concentration and S0 4 /C1 and Fe/Cl ratios at 15-20 cm depth, in August 1989 compared to March 1990 (Table 3 ). The S0 4 /C1 ratios decreased five times with depth in August 1989 for H2, while G3, HI and H4 had equal or increasing ratios with depth (Table 4 ). The decreasing SO4/CI ratios with depth and the lower ratios in August compared to March showed that sulphate reduction could occur in seasons with high microbiological activity. The increasing ratios with depth in G3 and H4 were most likely an effect of oxidation of the reduced S compounds accumulated in the peat. The sampling was performed after a long dry period and the S0 4 -S concentrations in the soil and runoff waters were much higher than usual (Table 5 ).
The transformation of S0 4 to reduced S compounds was also supported by soil water analyses sampled by lysimeters at depths 5 and 10 cm from the surface. In May 1990 S0 4 -S in soil water was 27 /nmol l" 1 for H2 and 31 for H4. These concentrations were much lower than groundwater and surface water concentrations at the same time, which were 302 and 292 fimol l" 1 in H2, and 313 and 198 in H4 respectively. 
DISCUSSION
The seven soils studied had great differences in total Fe. The samples with the highest values had higher concentrations than usually reported from natural minerotrophic wetlands. The ones with the lowest values were comparable with concentrations reported from ombrotrophic wetlands. It was assumed that the differences in concentration were a reflection of the chemistry of the groundwater flowing through the soils and the retention mechanisms of the soil. The results indicated, in agreement with other studies, that organically bound Fe and Fe-oxides were the major fractions in peat soils, and that the exchangeable fraction was of minor importance. The high positive Spearman rank coefficient (r s = 0.700) between Fe p and organic matter showed the importance of organic matter for retention of Fe. Fe P was 24-84% of the total pool of Fe. Other studies have reported organically-bound Fe to be 47-90% (Wieder & Lang, 1986 ) and 42-43% of total Fe (Henrot & Wieder, 1990) . Henrot & Wieder (1990) found that the binding of Fe to peat organics was the predominant mechanism of Fe retention up to saturation of the organic binding sites. Tarutis et al. (1992) demonstrated that oxidizable Fe (defined as Fe bound to organic matter and sulphides) increased in a nonlinear fashion with Soil water was water sampled with suction lysimeters in the peat layer. The ranges were from three or four samples for all parameters. + result from 2 analyses; ++ result from 1 analysis; * enhanced value after a long dry period.
organic C which was interpreted as a change in the capacity of organic matter to bind the metal. The organic matter may also have different carbon composition as a reflection of the botanical origin of the peat (Jôrgensen & Richter, 1992) . Zehnder & Svensson (1986) reported that there are molecules in organic compounds which resist anaerobic oxidation, such as high molecular weight lignin, fulvic acid and humic acid, which are all common components of plant degradations. These factors could explain the lower organically bound Fe in deeper layers in G3 in spite of having organic matter concentrations comparable with Gl. Other factors could be the presence of oxygen and microorganisms. The S0 4 /C1 ratios in the soil water for one site suggested that sulphate was transformed to reduced S compounds at seasons with high microbiological activity. The reduced S species may be pyrite, organic S and H 2 S. It is likely that pyrite was the dominant reduced compound as Fe/Cl was also three times lower in August than in March. Many studies have shown that accumulation of Fe-sulphides is of minor importance in peatlands (Brown, 1985; Wieder, 1988; Urban et al., 1989) . However, although inorganic species such as pyrite are not important pools of S, they may be important as intermediate short term products which transform to organic S (Brown, 1985 (Brown, , 1986 Urban et al., 1989) . S0 4 may be too unreactive for a direct chemical incorporation into organic matter. High pH, high Fe concentrations and high S0 4 concentrations have been proposed to enhance the formation of pyrite (Urban et al., 1989) , conditions which are fulfilled at H2 and H4. The accumulated amorphous Fe-sulphides, if present, should be extracted by both pyrophosphate and oxalate extractant. More resistant Fe-sulphides were a component of the residuals.
Two sites had S0 4 /C1 ratios increasing with depth in the soil waters and one of these sites had enhanced S0 4 concentration in the runoff water at the same time. It was interpreted as a result of reoxidation of the reduced S compounds accumulated in the peat, which could be organic or inorganic compounds. However, reduced S in organic compounds may be less susceptible to reoxidation than in inorganic compounds (Wieder & Lang, 1988) . According to the discussion of Fe-sulphides above, it seems likely that the reoxidized compounds were inorganic.
Sulphate retention and reoxidation to S0 4 which was flushed from the wetland to runoff waters is important from an acidification point of view. Several studies have clearly shown that wetlands could accumulate increased S0 4 deposition (Bayley et al., 1986; LaZerte, 1993) during wet conditions and export reoxidized S0 4 during dry conditions. The oxidation of reduced S compounds causes high hydrogen production, but initially the acidity is not transported to the runoff waters. The export of S0 4 is accompanied by export of base cations (Bayley et al., 1986; LaZerte, 1993) ; hydrogen ions produced at sulphur oxidation are exchanged for base cations at the peat exchange sites.
Comparable S0 4 concentrations in the groundwater and the surface water were found for some of the sites, although there were much lower concentrations in the soil water. It may be an effect of a dynamic cycling of reduction and oxidation within the peat. Alternatively, it could indicate that most of the discharging groundwater was flowing quickly through channels instead of being diffusely filtered through the peat. S0 4 retention may well be more effective when the hydrological conditions maximize the contact time between the water and the soil (Bayley et al., 1986; Urban et al., 1989) . Redox potential measurements have suggested that soils in the groundwater discharge zone could have different permeability in different sections (Norrstrôm, unpublished results) . Such macropores have also been identified by Kullberg et al. (1992) in a groundwater/surface water ecotone to a lake. The well known low hydraulic conductivity of subsurface peat, despite high porosities and low bulk densities has been considered as an inexplicable fact for a long time. However, a recent study showed a high negative correlation between an increase in anaerobe-generated methane concentration and a decrease in hydraulic conductivity (Reynolds et al., 1992) .
The hypothesis of groundwater channelled through macropores instead of being diffusely transported through the soil is important for the residence times of the water and consequently the retention of Fe. More research should be done on the residence time of water in the discharge zone and its significance for the retention of elements. There is also need for more knowledge about the important properties of the organic matter for an efficient retention.
